ABSTRACT A cDNA library derived from the anterior neuroectoderm (ANE) of Xenopus lategastrula embryos was systematically screened to isolate novel developmental regulatory genes involved in early brain development. We isolated 1,706 5´ expressed sequence tags (ESTs), which were subdivided into 1,383 clusters and categorized into 19 classes based on predicted functions according to their similarities to other known genes. Of these, 757 clusters that were considered possible novel regulatory genes or unknown genes were subjected to expression pattern analysis using whole-mount in situ hybridization. Genes from 69 clusters (9%) were expressed in the ANE region. Based on their expression patterns and predicted amino acid sequences, 25 genes were selected for further analysis as novel Xenopus genes expressed broadly or region-specifically in the ANE. Eighteen genes were expressed in postulated patterning centers in the neuroectoderm, including the anterior (four genes) and lateral (nine genes) neural ridges, the midbrain-hindbrain boundary region (one gene) and the midline region of the neural plate (two genes), whereas 13 genes were expressed in the eye anlagen. Therefore, early regionalization of the neuroectoderm appears to occur mainly in those neural patterning centers and the eye anlagen. We determined the entire coding regions of p54nrb, Semaphorin 6D and a novel gene designated scribble-related protein 1 (SCRP1). Interestingly, Semaphorin 6D is expressed in the mesoderm with a dorsoventral gradient, as well as in the ectoderm at the gastrula stage, implying a new role for this protein in development other than in axon guidance.
Introduction
Because the brain in vertebrates is an intricate organ, how the architecture of the brain is formed during embryogenesis is an intriguing question. To address this question, we focused on the molecular basis underlying an initial step of brain development. The formation of the central nervous system (CNS) including the brain is initiated upon neural induction and patterning by the gastrula organizer, called the "Spemann-Mangold organizer" in amphibians. The molecular nature of these organizer functions has been extensively investigated in amphibians using the African clawed frog, Xenopus laevis (Harland and Gerhart, 1997, De Robertis et al., 2000) . In Xenopus, neural induction appears to Wnt inhibitors secreted from the head organizer region (Niehrs, 1999) and by RA degradation enzyme expressed in the anterior region (Hollemann et al., 1998 , Kudoh et al., 2002 .
The neuroectoderm subsequently forms the neural plate and then the neural tube. The neural tube is delimited into segmental AP structures such as the forebrain, midbrain, hindbrain and spinal cord and into dorsoventral (DV) structures such as the roof, alar and floor plates. These patterning processes of the neural plate and neural tube are apparently executed by so-called "patterning (or organizing) centers" that arise in the neuroectoderm and neural fold, such as the anterior neural ridge (ANR) and the midbrain-hindbrain boundary (MHB) as well as the lateral edges and midline of the neural plate that will correspond to the roof plate and floor plate, respectively, in the neural tube. The molecular mechanisms that pattern the developing brain along the AP or DV axes have been extensively investigated in the chick and mouse (Lumsden and Krumlauf, 1996 , Tanabe and Jessell, 1996 , Puelles and Rubenstein, 2003 . However, it is not yet known whether or how the gastrula organizer initiates the formation of organizing or patterning centers and how and when such patterning centers regionalize the neural plate and later the neural tube. To address these questions, Xenopus laevis is a useful model organism, because it is easy to manipulate the gastrula and neurula embryos and to examine gene expression patterns at various developmental stages from blastula to neurula by wholemount in situ hybridization (WISH). Moreover, a detailed fate map of the neural plate in Xenopus shows that subdivided regions of the prospective brain region arise from the anterior neural plate and neural ridge (Eagleson and Harris, 1990) . Therefore, as a first step, we used systematic screening to identify genes with expression patterns that suggest regionalization corresponding to this fate map. To increase cloning efficiency, we constructed regional cDNA libraries from the ANE and the underlying anterior endomesoderm (AEM) regions dissected from late-gastrula to earlyneurula embryos. We have previously reported the systematic screening and analysis of the AEM cDNA library using expressed sequence tags (ESTs) and WISH, in which we successfully identified several AEM genes that are expressed differentially in the AEM (Shibata et al., 2001) . This implies that the AEM, or "head organizer region", is subdivided into regions with different properties. In this paper, we present the results of systematic screening of the ANE cDNA library to identify novel developmental regulatory genes with which to analyze the molecular mechanisms involved in early brain development. XHR1, one of the earliest genes expressed in the prospective MHB region, was isolated previously with this screen . Besides XHR1, we have isolated 25 candidate novel Xenopus developmental regulator genes, identified by their expression patterns and encoded protein structures. Importantly, most of these genes do not exhibit specific expression patterns corresponding to the detailed fate map, but are instead expressed in neural patterning centers, such as the neural ridge, MHB and the ventral and dorsal midlines of the neural tube and in the eye anlagen. These data imply that the early patterning of the presumptive brain region occurs mainly in the formation of signaling centers and eye anlagen at the lategastrula to neural-plate stages.
Results

Systematic screening of an ANE cDNA library using ESTs
To obtain the Xenopus ANE with which to construct a regional cDNA library, the anterodorsal part of Xenopus late-gastrula embryos (stages 12-12.5) was dissected and separated into the ectodermal region and the underlying prechordal plate and anterior endodermal region by collagenase digestion (Fig. 1) . Total RNA was extracted from about 600 pieces of the ANE and an ANE cDNA library was constructed using total RNA . To eliminate house-keeping genes and genes highly expressed in the trunk region at later stages, the library was negatively screened by plaque hybridization with mixed cDNA Fig. 1 . Strategy for systematic screening of genes specifically expressed in the Xenopus ANE. Screening for eliminating non-specific clones in the ANE region from an ANE library was performed along this scheme. Dissection of late-gastrula (stage 12-12.5) embryos was performed for isolation of ANE and AEM regions. Dissected pieces were treated with collagenase and separated into ANE and underlying AEM. A region-specific cDNA library was constructed from the ANE RNA. Further detailed processes are described in the text. AEM, anterior endomesoderm; ANE, anterior neuroectoderm.
probes prepared from total RNA of the trunk region of tailbudstage embryos (stages 26-28), for which about 30% of plaques were positive. In the first round of screening, we randomly picked 433 hybridization-negative clones to screen for gene expression patterns using WISH. Some of the 433 clones were sequenced, in addition to 119 randomly picked clones, thereby constructing 215 informative 5´ ESTs. In the second round of screening, we used additional plaque hybridization with cDNA probes to remove six genes that had repeatedly appeared when the AEM library was screened (Shibata et al., 2001 ). Then we randomly picked and sequenced 1,824 hybridization-negative clones to obtain 1,491 informative 5´ ESTs. Thus, we isolated 1,706 ANE 5´ ESTs for our database, The Xenopus laevis Expression Pattern and Expressed Sequence Tags DataBase (XEXTDB).
The 1,706 ANE 5´ ESTs were combined with 1,039 AEM 5É STs (Shibata et al., 2001 ) and subjected to cluster analysis, which produced 2,179 total or 1,383 ANE 5´-EST-containing clusters ( Fig. 2A) . Of the 1,383 ANE clusters, 1,264 (91%) were ANE-specific and did not contain AEM clones. Of these 1,264 clusters, 1,124 (89%) were nonredundant (consisted of only one clone). These 1,124clones were not necessarily unique clones, because the number of unique clusters will decrease when the entire lengths of the clones are sequenced. As shown in Fig. 2 , however, the number of clusters decreased dramatically as the number of clones in each cluster increased, indicating that highly expressed genes had been efficiently removed from our ESTs by negative selection using plaque hybridization.
To classify the 1,383 clusters according to their similarity to other known genes, all ESTs in the clusters were subjected to similarity searches using the BLASTN and BLASTX programs against a public database (GenBank, release 139.0, December 2003). As shown in Fig. 2B , 456 (33%) of the 1,383 clusters correspond to known Xenopus genes as judged by the E-value (we empirically assumed that clones are identical to known genes when their E-values are either ≤ e-75 for BLASTN or ≤ e-50 for BLASTX). Five hundred and sixty-nine (42%) of 1,383 clusters showed significant similarity to known genes or proteins (their Evalue are either ≤ e-15 for BLASTN or ≤ e-10 for BLASTX), whereas the remaining 817 clusters (59%) showed no similarity (their E-value are both > e-15 for BLASTN and > e-10 for BLASTX). Because 456 clusters (33%) showed strong similarity to known Xenopus genes, the remaining 927 clusters (67%) were candidates for novel Xenopus genes. To classify the 1,383 clusters according to the functions of the proteins, we used a previously described classification method (Lee et al., 1999) . Class A proteins are associated with functions used in many kinds of cells, Class B proteins are associated with cell-cell communication and Class C proteins function as transcription factors and other gene regulatory proteins. As summarized in Table 1 and Fig. 2B , 566 clusters were categorized into Classes A (415 clusters), B (61 clusters) and C (90 clusters), which were further categorized into subclasses (Table 1) . Among these, the most redundant genes in our ESTs were HMG-14 (high mobility group protein 14; the same as "high mobility group nucleosomal binding domain 1, Hmgn1") (0.8%; 14 of 1,706 total ESTs; in one cluster), the stage-specific elongation factor 42Sp48 protein (0.8%; 15/1,706; in two clusters), variant histone H2A.Zl2 (0.7%; 12/1,706; in one cluster), high mobility box 3 (Hmgb3; 1.1%; 19/1,706; in 4 cluster) and mitochondrial DNA (4.2%; 72/ 1,706; in 14 clusters).
THE NUMBER OF DIFFERENT GENES EXPRESSED BY CLASS
Besides the 566 clusters with significant similarities, 248 clusters (303 clones) were classified into Class D1 in which sequences are similar to those of reported proteins with unknown functions or to hypothetical proteins. Another 569 clusters (616 clones) were categorized into Class D2, which includes sequences with no significant similarities to other known proteins (Table 1) . Thus, 817 clusters (D1 + D2) require characterization in the future.
Expression pattern analysis of ANE clones
The expression patterns of 757 genes (729 clusters) regarded as candidate novel genes were analyzed by WISH. As shown in Fig. 2B , 530 genes (70%) were expressed in some restricted area. Of these, 308 genes (41%) were classified into "Patterned (early stage)", which signifies patterned expression in the neural plate before stage 19 (that is, before neural-tube closure), whereas 222 genes (29%) were classified into "Patterned (late stage)", which signifies patterned expression in the neural tube after stage 19 ( Table 2 ). The remaining 163 (22%) and 64 (8.4%) genes were classified into "Ubiquitous" and "Undetected", respectively (Fig .  2B and Table 2 ). "Patterned (early stage)" genes were further classified into five groups according to their specific expression domains: (1) anterior neural plate/anterior neural ridge, (2) eye One thousand seven hundred six clones from the ANE cDNA library formed 1,383 clusters (ANE clusters). Of them, 1,264 (91%) are ANE-specific clusters, which do not mingle with previously reported AEM clones (Shibata et al., 2001) . When ESTs from the ANE and AEM libraries were combined, total 2,963 ESTs formed 2,179 clusters. The number of clones in each single cluster was counted from total 2,179 clusters or 1,264 ANE-specific clusters. Ordinate, the number of cluster; abscissa, the number of clones in a single cluster; green bar, the number of clusters based on total clusters; red bar, the number of clusters based on ANE-specific clusters. (B) Classification of predicted proteins and expression patterns of ANE clusters. (a) ANE clusters (1,383) were classified according to sequence similarity to known genes or proteins of Xenopus or other species in public databases. Clusters were divided into three classes as indicated. (b) ANE clusters (1,383) were also classified according to functions of genes (see Table 1 (Table 2) . "Patterned (late stage)" genes were simply classified into two categories: (i) CNS and (ii) Other tissues. Of the 757 genes examined for their expression patterns, a total of 69 genes in groups 1 and 2 were specifically expressed in the ANE region. These genes, which might be involved in early development of the brain, are what our screening initially aimed.
To judge the comprehensiveness of our screen, as many known Xenopus genes as possible that are region-specifically expressed in the ANE area were chosen and their occurrence among the ANE 5´ ESTs was counted. Table 3 shows that 31 (50%) of 61 reported genes appeared among the ANE ESTs, implying that just 1,706 ESTs could include roughly half the genes that are specifically expressed in the ANE. This high frequency is probably due to the use of a regional cDNA library and negative selection by plaque hybridization.
Expression patterns of 25 selected ANE genes
We performed further sequence analysis of the 69 genes that are expressed in the neural ridge, the anterior neural plate, or both, some of which were identified as known genes. From the remaining uncharacterized genes, we selected the 12 genes with clear expression patterns. In addition, we also selected 7 genes which are mainly expressed in the neural plate (Table 2 ; groups 3 and 4) and 6 genes with unique expression patterns (group i and ii), as listed in Table 4 for further analysis (the name of the representative clone from each cluster is used for the name of the gene hereafter). As shown in Fig. 3A , N17D12, N21D4, N27D8, N31F2, N32C3 and N33D9 are specifically expressed in the ANE region at the late-gastrula/ early-neurula to mid-neurula stages (stages 11.5-15). The ex- Nieuwkoop and Faber (1967) (Nieuwkoop and Faber, 1967) pression of N32C3 was detected in the animal pole region at the late-blastula stage and is restricted to the anterior neural ridge at the mid-neurula stage (stage 15, Fig. 3A ), whereas N31F2 is probably expressed in the trigeminal placodes at the mid-neurula stage (Fig. 3A) . N20H12, N23B9, N23E6, N23G4, N31A3 and N31A5 were specifically expressed in both the lateral neural ridge and the eye anlagen at the mid-neurula stage (stage 15, Fig 3B) .
The genes shown in Fig. 3C are ubiquitously expressed in the neural plate. N3A9 (SCRP1; see below), N3B10 (p54nrb; see below), N21D3, N25A3, N27F9, N27G8 and N30C7 are largely expressed in the entire neural plate region at the mid-neurula stage (Fig. 3C ) and these expression patterns are maintained in the tailbud stages.
The genes that show unique expression patterns, but are not grouped in Fig. 3A through 3C are presented in Fig. 3D . N21E5 and N23D7 are expressed in the floor plate and the notochord, respectively, at the mid-neurula to tailbud stages (Fig. 3D) . The expression of N21E5 was also observed in the cement gland anlage and is maintained in the cement gland at later stages (stage 28, data not shown). N27D4 and N31E4 are expressed in both the anterior neural plate and the region around the yolk plug at the mid-neurula stage (Fig.  3C) . N27D4 is also expressed in the notochord region at the tailbud stage (stage 24). N30H6 (Sema6D; see below) is specifically expressed in the neural plate ( Fig. 3D ; see also Fig. 6 ) and this expression is localized in the ANE region at the midneurula stage (see Fig. 6 for more detail). N33H10 is expressed specifically in the ventral blastopore at midto late-neurula stages and, at later stages, in an anterior tip that may correspond to the stomodeal-hypophyseal anlage, anterior somites and tailbud (Fig. 3D) .
When comparing the expression patterns of 69 genes that are expressed in the ANE region, we noticed that 16 of them, including XHR1 , are expressed in the eye anlagen and in the socalled patterning centers, such as the anterior and lateral neural ridge (ANR, LNR) and the MHB, from the lategastrula to early-tailbud stages, as summarized in Table 5 . Whereas the remaining 53 genes are expressed in anterior neural region, those expressions are week and/or are presented indistinct boundary of expression. However, we found no genes with expression patterns reflecting the fine fate map of early Xenopus neurula embryos Harris, 1990, Eagleson et al., 1995) , implying that detailed regionalization has not occurred at the early neural-plate stage.
Analysis of unidentified EST clones by sequencing the entire inserts, cDNA cloning and 5´ RACE
We used library screening and 5´RACE to determine the entire coding sequences of genes that showed A B C specific expression patterns or similarity to known developmental regulators, as described above. We isolated the full coding sequences for N3A9 (a novel gene named Scribble-related protein 1, SCRP1), N3B10 (p54nrb) and N30H6 (Sema6D) and analyzed their sequence similarities and their developmental expression patterns, as follows.
N3A9 (SCRP1)
The predicted amino acid sequence encoded by N3A9 is homologous to the Drosophila protein Scribble, which is reportedly involved in cell polarity (Bilder and Perrimon, 2000) . To analyze the entire coding region of the N3A9 gene, we isolated four cDNA clones, N3A9-2 through -5, by screening a Xenopus head cDNA library. One of them, N3A9-3, was considered to include a fulllength cDNA, with an open reading frame (ORF) encoding a protein of 524 amino acids. This predicted protein showed the highest homology to human LRRC1 (leucine-rich repeat-containing protein 1), which is a cDNA clone isolated by the National Institutes of Health Mammalian Gene Collection (NIH-MGC) Project (http:// image.llhl.gov/). N3A9-3 and human LRRC1 show 85% identity in the leucine-rich repeats (LRRs) and 83% identity in overall and have a PDZ-domain-binding sequence, Thr-Ser-Val, at the C terminus (Fig. 4A) . Thus, N3A9 is likely to be the Xenopus ortholog of human LRRC1. However, those proteins show homology only to the N-terminal LRRs of Drosophila Scribble and do not have PDZ domains in the C-terminal region. Therefore, we designated the Xenopus protein "scribble-related protein 1 (SCRP1)".
We examined the developmental expression patterns of SCRP1 by northern blot analysis with RNA preparations from staged embryos, which showed the presence of 2.7-kb and 3.8-kb transcripts of SCRP1 (Fig. 5A) . In unfertilized eggs, the expression of the 2.7-kb mRNA was weaker than that of the 3.8-kb mRNA. From the cleavage stage to the blastula stage, the levels of both mRNAs declined gradually, but increased at the early-gastrula stage (stage 10.5) as zygotic expression and became almost equal after the late-gastrula stage (stage 12.5). Thus, SCRP1 is expressed throughout all the developmental stages examined. The presence of two mRNAs may reflect splicing variants or a related gene.
N3B10 (p54nrb)
Because N3B10 is expressed in the anterior neural tissue of the early neurula, it was characterized by cDNA cloning and expresGenes which are reportedly expressed mainly in the neural tissue but did not appear in the ANE 5'-ESTs are: AP1, Ash3, Cpl1, CYP26, Delta1, eIF4a2, Emx2, En2, Fgf3, Fgf8, FoxB1, FoxD1, FoxD3, FoxG1, Gbx2, HoxB9, HoxD1, Iro1, Iro2, Iro3, Isthmin, Lim3, NCAM, NeuroD, Ngnr1, Notch1, SoxD, Synapyobrebin, Tiarin, Zic5 *, A: mainly anterior neural tissue; N: including neural tissue. **, FoxA4 corresponds to XFKH1 and XFD1 sion pattern analysis. Five cDNA clones, N3B10-2 through -6, were isolated by screening a Xenopus head cDNA library. Of these, N3A10-2 contained a long ORF, encoding a predicted protein of 463 amino acids (Fig. 4B) . A database search revealed that the predicted product of the N3B10 gene has 76% identity to human 54-kD nuclear RNA-binding protein (p54nrb) (Dong et al., 1993) and is therefore referred to as Xp54nrb. RNA recognition motifs (RRMs) 1 and 2 occur in the N-terminal regions of both proteins and share 91% and 80% identities, respectively. Besides RRM1 and RRM2, there is a DBHS (Drosophila behavior/human splicing) domain, which is based on the consensus sequence found in p54nrb, human splicing factor PSF and Drosophila puff-specific protein BJ6 (Dong et al., 1993) . BJ6 is one of three products encoded by the alternatively spliced no-on-transient A gene (nonA) (von Besser et al., 1990) .
SUMMARY OF ISOLATED KNOWN XENOPUS cDNAS WHICH WERE REPORTED TO SHOW REGIONALIZED EXPRESSION PATTERNS
N30H6 (Sema6D)
The deduced partial amino acid sequence of N30H6 has homology to Semaphorin 6 family members, which are thought to be involved in axon guidance (Pasterkamp and Kolodkin, 2003) . However, the expression of N30H6 in the anterior neural tissue and notochord ( Fig. 3 ; see below) implies another role for Semaphorin in early development, which led us to analyze N30H6 in detail. cDNA cloning of N30H6 was performed using a gastrula cDNA library and the 5´ end of the cDNA was isolated by 5´ RACE. One of the seven cDNA clones isolated, N30H6-14, was considered to include the entire coding region. The deduced amino acid sequence of N30H6-14 showed high homology to a new member of the Semaphorin 6 family, referred to as Semaphorin 6D (Qu et al., 2002) . Whereas Semaphorin 6D has four types of splicing variants, SEMA6D1-4, which differ in the C-terminal region, N30H6-14 encodes a protein corresponding to SEMA6D4, which is therefore designated XSema6D4 (Fig. 4C) .
Northern blot analysis revealed that two XSema6D mRNAs of about 6.2 and 5.8 kb are present at the cleavage stage (stages 5/ 6), the levels of which decline at the blastula stage (stage 8), increase temporarily at the early-to mid-gastrula stages (stages 10.5/11) and are elevated again at later stages (tailbud stages 23-25) (Fig. 5B) . These results are consistent with mRNA profiles analyzed by WISH, as described below.
At the late blastula stage (stage 9), XSema6D expression was detected in the animal hemisphere (Fig. 6A) . Examination of sections indicated that this expression was localized mainly to the blastocoel roof (Fig. 6B) . During gastrulation (stage 11.5), transcripts of XSema6D were also detected in the dorsal mesoderm, a region known as the Spemann organizer (Fig. 6C) . In sagittal sections of embryos at this stage, XSema6D expression was seen in the organizer region and the sensorial layer of the neuroectoderm (Fig. 6D) . At the mid-neurula (stage 15), XSema6D expression was mainly detected in the notochord and anterior neural plate (Fig. 6E) . Sagittal hemisectioned embryos at stage 15 showed that its expression is seen in the sensorial layer of the anterior neuroectoderm and in the notochord (Fig. 6F) . At the late neurula (stage 17), its expression was also detected in the presumptive otic vesicle (indicated by arrow in Fig. 6G ). At tailbud stages, its expression was observed in the dorsal region of the otic vesicles, the trigeminal ganglia and the brain (Fig. 6H) and later in the head region, including the brain, branchial arches and otic vesicle and in the spinal cord, somites and pronephros (Fig. 6I) .
Thus, the later expression of XSema6D might be associated with axon guidance in those regions, whereas its early expression in the ectoderm and mesoderm occurs in a region-specific manner. This implies that XSema6D has some other roles in development, such as in regionalization and morphogenetic movements through cell-cell communication.
Discussion
To understand the molecular mechanisms of early neural patterning, we collected data from the systematic screening of an ANE cDNA library derived from Xenopus late-gastrula embryos. We isolated 817 possible novel genes (D1 plus D2 in Table 1 ) and identified 530 genes with localized expression patterns in the neural plate (Fig. 2B and Table 2 ). Based on the expression patterns of 69 genes that are expressed in the ANE region, we found that 12 of these genes, including XHR1 , are expressed in the so-called patterning centers for the neuroectoderm, such as the ANR, LNR and MHB regions (Table  5 ). We focused on 25 possible developmental regulatory genes, including those 12 genes except for XHR1, based on their homology to known genes or proteins and on their developmental 
Regional specification of the neuroectoderm compared with the fate map of the neural plate
We initially expected that some genes might be expressed in restricted areas of the presumptive brain region, reflecting the fine fate map of early Xenopus neurula embryos Harris, 1990, Eagleson et al., 1995) . However, we found no such expression patterns in the genes we isolated in this study, even though our screening probably included about half the genes expressed in the anterior neural plate region in the late-gastrula to mid-neurula stages (Table 3) . Interestingly, a certain number of genes were expressed in the neural patterning centers: four genes in the ANR, nine genes in the LNR, one gene already reported as XHR1 in the MHB region and two genes in the MLT, as well as two genes in the notochord. Furthermore, 13 genes were expressed in the eye anlagen (Table 5) . Therefore, early regionalization of the anterior neuroectoderm appears to occur in the neural patterning centers and the eye anlagen, as well as in the AP subregions delineated by Six3, Pax2, Rx1, XANF1/Hesx/ Rpx, BF1/FoxG1, BF2/FoxD1 (in the forebrain) and so on (BallyCuif and Hammerschmidt, 2003) . However, early regionalization of the posterior neuroectoderm appears to occur in mediolateral subregions, as described below. We speculate that subdivision of the neural plate into respective brain regions is not yet established during the early-to mid-neurula stages, unlike that in the posterior region.
Recently, it has been noted that three stripes of proneuronal regions, which correspond to future motor, inter and sensory neurons, are defined by nonneuronal regions including the interstripes in the posterior neural plate, as well as by the MLT, the presumptive MHB region and the ANP. The interstripes and MLT differentially express the Zic2 and Xiro3 genes, which are considered to be prepatterning genes (Bally-Cuif and Hammerschmidt, 2003) , from the mid-gastrula stage, whereas the presumptive MHB region expresses XHR1 (her5 in zebrafish) at the earlygastrula stage. It has been suggested that XANF1 and Xrx1, which are expressed in the ANP, prevent neurogenesis and promote cell division. Therefore, it is likely that the neural plate is initially divided into two regions: the proneuronal region and the nonneuronal and cell-dividing region (Bally-Cuif and Hammerschmidt, 2003) . More detailed regionalization of the neural plate or neural tube corresponding to the reported fate map (Eagleson and Harris, 1990 ) is likely to be induced by the neural patterning centers and may also be defined by interactions between the roughly defined prepatterned regions.
Efficacy of regional cDNA library screening for isolating novel developmental regulatory genes
In general, developmental regulatory genes start to be expressed in a specific region where new differentiation and morphogenesis will occur during development. This expectation allowed us to rationalize our strategy to isolate genes with expression patterns localized in a restricted area. On the other hand, a certain number of developmental regulatory genes that encode intracellular components of signal transduction pathways are broadly or ubiquitously distributed in embryos, compared with ligands and tissue-specific transcription factors. Previously, sev- 
Xenopus laevis similar to collaborates/cooperates with ARF protein 567 1E-159 
Xenopus laevis similar to programmed cell death 10 866 0
Homo sapiens semaphorin 6D isoform 4 1786 0
Clone name
No. of times isolated Insert (kbp) Homology search method TABLE 4 eral studies using systematic analyses of ESTs and expression patterns successfully isolated candidate genes of developmental regulators (Gawantka et al., 1998 , Lee et al., 1999 , Kudoh et al., 2001 , Satou et al., 2001 , Shibata et al., 2001 , Satou et al., 2002 , Pollet et al., 2005 .
SUMMARY OF INFORMATION FOR ISOLATED cDNA CLONES
In terms of the isolation efficiency of genes showing patterned expression, we isolated 530 (70%) of 757 genes that were categorized as having "patterned expression" (Table 2 ). This is higher than the 24% to 26% efficiency achieved with cDNA libraries from whole neurulae (stage 13) and LiCl-treated embryos (stage 13) (Gawantka et al., 1998 , Pollet et al., 2005 . This difference is probably due to our screening strategy in which a regional cDNA library and negative selection by plaque hybridization were used to remove clones that are highly expressed in the trunk region of tailbud-stage embryos. In our previous screening of an AEM cDNA library (Shibata et al., 2001) , using basically the same strategy as in this study, genes with patterned expression were isolated with 49% efficiency. This difference (70% versus 49%) may be attributable, at least partly, to the negative selection in the ANE library of the six genes that frequently appeared in the AEM ESTs (see Materials and Methods) and also to tissue differences between the ANE and AEM.
We isolated 69 ANE-specific genes (9.1%) from the 757 genes examined by WISH, that are expressed in either the anterior neural plate (46 genes) or the anterior neural ridge (23 genes) ( Table 2) . Twenty-five of them are presented in Fig. 3 . In our previous screening of the AEM cDNA library, nine (6%) of 198 clusters analyzed showed expression patterns in organizer or organizer-derived tissues (Shibata et al., 2001) . We expected ANE-specific genes to be concentrated in the ANE cDNA library by roughly 20-fold, because the average yield of RNA from the ANE region is about 5% of that from whole embryos. As shown in Table 3 , 50% of known genes with expression mainly restricted to the ANE were included in our ESTs, implying that more than half the novel ANE-specific genes were recovered in our relatively small-scale screening of 1,706 clones. This corresponds roughly to 40,000 (1,706 multiplied by 20) informative clones from a whole-embryo library.
Gene profiles of ESTs from the ANE library
In our ANE ESTs, clusters that were classified into category A6 (intermediary synthesis and catabolism enzymes) and B2 (intracellular signal transduction pathway molecules including kinases and signal intermediates) were less frequent in our screening (4.5% and 2.4%, respectively, Table 1 ) than in the analysis of ESTs from Ciona intestinalis. In that analysis, A6 and B2 comprised 10.2% and 5.6%, respectively, of the 1,066 ESTs from cleavage-stage embryos, or 9.6% and 5.0%, respectively, of the 1,213 ESTs from tailbud-stage embryos (Satou et al., 2002) . These differences may reflect the expectation that most genes that belong to categories A6 and B2 are expressed ubiquitously, as is exemplified by the intracellular components of Wnt, FGF, BMP and activin/nodal signaling in early embryogenesis (Schohl and Fagotto, 2002) . This means that ANE ESTs might consist of less redundant and more variable genes compared with the Ciona ESTs, because our ESTs were derived from a regional cDNA library and were depleted of housekeeping and ubiquitous genes by negative screening.
In our previous screening of a Xenopus AEM cDNA library, the most redundant clones encoded Xcirp (cold-inducible RNA binding protein; 3.8%; 39/1,039 clones), glutamine synthetase (1.3%; 13/1,039) and PR264 (1.1%; 11/1,039) (Shibata et al., 2001) . In this study, because those genes were removed from ANE clones at the beginning of the screening process, the most redundant clones encoded HMG-14, 42Sp48 protein, variant histone H2A.Zl2, Hmgb3 or have mitochondrial DNA sequences. These results may provide evidence that cell division is more pronounced in the neural plate than in nonneural ectodermal and axial mesodermal cells that stop dividing after involution (Saka and Smith, 2001 ).
Features of novel Xenopus genes, SCRP1, Xp54nrb and XSema6D
We have identified three novel Xenopus genes, SCRP1, Xp54nrb and XSema6D, the structures and expression patterns of which are interesting in terms of neural development. SCRP1 is a new gene related to Drosophila scribble (Bilder and Perrimon, 2000) and mouse scribble/circletail (Scrb1) (Murdoch et al., 2003) , members of the LAP family. Drosophila scribble is reportedly involved in apical-basal cell polarity, whereas mouse Scrb1 was identified as the gene responsible for the circletail mutant, which shows defects in neural-tube closure, referred to as craniorachischisis. Because SCRP1 has 16 LRRs in the N-terminal region but no PDZ domain in the C-terminal region, unlike Scribble and Scrb1, it may play a role as a modulator of Scribble in neural-tube closure, apical-basal cell polarity, or both.
Human p54nrb (rat nonO) was isolated as a protein with two tandemly repeated RNP-type RRMs (Dong et al., 1993 , Yang et al., 1993 . It has been suggested that p54nrb and the splicing factor, PSF, form a heterodimer that stimulates topoisomerase I activity (Straub et al., 1998 , Straub et al., 2000 . A recent study has shown that a complex containing p54nrb, PSF and the nuclear matrix structural protein matrin 3 (mat3) binds specifically to inosine-containing RNAs and is involved in nuclear retention of unwanted hyperedited RNAs (Zhang and Carmichael, 2001 ). Because p54nrb is specifically expressed in neural tissue ( Fig. 3 ; right panel), it is reasonable to speculate that Xp54nrb is involved in neural cell differentiation or patterning by regulating the expression of edited transcripts.
EXPRESSION OF EYE ANLAGEN AND KNOWN SIGNALING CENTERS
Semaphorins form a large family of axon-guidance molecules and are categorized into eight classes (1-7 and V) according to the characteristics of their structures. Insect Sema1a and mammalian Sema3A and Sema4D have been extensively investigated and several functions of semaphorins have been implicated in axon pathfinding (Pasterkamp and Kolodkin, 2003) . Recently, a new paralogous gene of the Sema6 genes, semaphorin 6D (SEMA6D), was isolated in humans. SEMA6D has five isoforms, SEMA6D1-4 and SEMA6Ds (short isoform) derived from alternative splicing. SEMA6D is expressed abundantly in various tissues and acts in inducing growth-cone collapse and inhibiting axonal extension (Qu et al., 2002) . Whereas human SEMA6D seems to be expressed ubiquitously, as assayed by northern blotting of various adult tissues (Qu et al., 2002) , XSema6D is expressed in the animal hemisphere of the blastula and in the organizer and neuroectoderm of the gastrula (Fig. 6) . Therefore, XSema6D might have a function distinct from axon guidance in early embryogenesis.
Conclusions and perspective
In this study, we used systematic screening of an ANE cDNA library by constructing a relational database, XEXTDB, in which ESTs and WISH data are connected to each other, to identify many candidate novel developmental regulatory genes that are expressed in restricted patterns in the neural plate or neural ridge. Because the number of ESTs from various organisms is increasing dramatically day by day, ESTs are very useful in predicting the structures of full-length cDNAs by the generation of contigs. They can also be used to predict novel proteins by comparing the ORFs between distantly divergent organisms. Using these approaches, we identified the novel gene SCRP1 and described for the first time the developmental expression patterns of SCRP1, Xp54nrb and XSema6D. Furthermore, when our 757 ESTs that are linked to developmental expression patterns in XEXTDB are available to the public (http://xextdb.nibb.ac.jp/) and incorporated into contigs with other publicly available ESTs, the expression patterns of any genes corresponding to those contigs will be immediately accessible in the XEXTDB. The structures of predicted proteins and their developmental expression patterns will facilitate functional analysis of novel genes during the development of various tissues and organs, including the brain. All Xenopus transcripts will be identified in the future by repeated systematic screening and expression pattern analysis including our studies (this paper and the previous one (Shibata et al., 2001) ) as well as studies by other groups (Gawantka et al., 1998 , Baldessari et al., 2005 , Pollet et al., 2005 , Voigt et al., 2005 and substantial accumulation of ESTs and expression patterns will facilitate advances in functional genomics.
Materials and Methods
Manipulation of Xenopus embryos
Unfertilized wild-type or albino Xenopus embryos were ovulated by injection of gonadotropin (Teikokuzoki Co.). Embryos were obtained by artificial fertilization with macerated testis, dejellied in 2% L-cysteine-HCl (pH 7.9) and reared in 0.1X Steinberg's solution at 14-21ºC. Embryos were staged according to the criteria of Nieuwkoop and Faber (Nieuwkoop and Faber, 1967) .
Screening of a regional cDNA library by plaque hybridization and making ESTs
A unidirectional cDNA library was constructed from the anterior neuroectoderm of stage 12-12.5 Xenopus embryos as previously reported . Plaques were transferred onto nylon mem- brane filters (Nytran, Schleicher and Schuell) and filters were hybridized with [α-32 P]dCTP labeled cDNA prepared with total RNA from the trunk region of tailbud embryos (stages 26-28), then washed with 2X SSPE/ 0.1% SDS at 65ºC and exposed to a X-ray film (BioMax MR, Kodak). The same filters were also probed with mixed 6 different cDNAs encoding Xcirp, adenosine triphosphatase sodium-potassium pump α1 subunit, glutamine synthetase, HMG-X protein, ribosomal protein L7a and prp1 (acidic ribosomal protein 1) to remove genes which had appeared frequently in AEM cDNA library screening (Shibata et al., 2001) . Inserts of cDNA clones were amplified by PCR using the SK (5'-TCTAGAACT AGTGGATC-3') and T7 (5'-CCGGATCCTAATACGACTCACTATA-3') primers in 96-well plates. PCR products were purified using MultiScreen 96-Well Filtration Plates (MILLIPORE) according to the manufacturer's protocol. Briefly, PCR products were mixed with saturated KI solution in advance, absorbed to MultiScreen FB Plates (MILLIPORE) by centrifugation, washed with 70% ethanol/30% 0.1 M NaCl and extracted with TE buffer. To remove remaining KI, extracts were passed through MutiScreen HV Plates filling with Sephadex G-50 Superfine (Pharmacia). Purified PCR products were sequenced from the 5' end with the T3 primer (5'-AATTAACCCTCACTAAA-3') using an ABI PRISM 310 Genetic Analyzer (PE Applied Biosystems) for making ESTs. The average of informative EST data was about 450 nucleotides long.
Sequencing and analysis of plasmid cDNA clones
Phage cDNA clones were converted into plasmids by in vivo excision of the pBluescript SK(-) phagemid from the λZAP II Express vector according to the ZAP-OUT method (Stratagene). The missing 5' regions of cDNA clones were obtained by 5' RACE (rapid amplification of cDNA ends) with a 5'-Full RACE Core Set (Takara) and PCR products were inserted into multiple cloning site of the pCR2.1 vector with a TA Cloning Kit (Invitrogen). To obtain longer cDNA clones, cDNA libraries of stage 11-12 Xenopus embryos (a gift from B. Blumberg) and the head region of stages 28-30 Xenopus embryos (a gift from R. Harland) were used. To determine entire cDNA sequences, deleted plasmid constructs were made by means of restriction enzyme treatment, or plasmid constructs were randomly inserted by in vitro transposon with a sequencing primer site for GeneJumper sequencing primers A and B using the GeneJumper Primer Insertion Kit for Sequencing (Invitrogen). Plasmid constructs were sequenced using ABI PRISM 310 or 3100 Genetic Analyzer (PE Applied Biosystems), or Li-COR LIC-4200L-2 (Aloka) with T3/T7 primers for pBluescript SK (-) plasmid clones, M13 (5'-CAGGAAACAGCTATGAC-3')/T7 primers for pCR2.1 plasmid clones, or GeneJumper Sequencing Primers A (5'-ATCAGCGGCCGCGATCC-3') and B (5'-TTATTCGGTCGAAAAGGATCC-3') for GeneJumper clones. Alignments of deduced amino acid sequences were performed using CLASTALW (http//:www.ddbj.nig.ac.jp/) and motif searches were performed using SMART 3.3 (http//:smart.embl-heidelberg.de/).
Northern hybridization
Total RNA from embryos of different developmental stages was extracted by the acid guanidium isothiocyanate-phenol-chloroform method (Chomczynski and Sacchi, 1987) . Total RNA (10 µg) was electrophoresed on a 1% agarose/formaldehyde gel, blotted onto a nylon membrane (Nytran, Schleicher and Schell) and cross-linked by UV irradiation. Blot hybridization was performed with a [α-32 P]dCTP labeled cDNA probe, washed with 2X SSPE/0.1% SDS at 65ºC, exposed to a BAS-IP MN 2041 film (Fuji Film) and analyzed with BAS-2500 (Fuji Film).
Whole-mount in situ hybridization (WISH) and sectioning
Embryos were fixed in MEMFA (0.1 M MOPS, pH 7.4, 2 mM EGTA, 1 mM MgSO4, 3.7% formaldehyde). DIG-labeled anti-sense RNA was synthesized with T7 RNA polymerase (Boehringer Mannheim) and with purified PCR products or linearized pBluescript SK(-) plasmid clones possessing the T7 promoter at the 3' end as templates. WISH was performed manually or with an automated system, AIH101B (Aloka), according to Harland (Harland, 1991) . BM Purple (Boehringer Mannheim) was used for chromogenic reactions (24-48 hours). When necessary, stained embryos were cleared with benzyl benzoate/benzyl alcohol (BB/ BA; 2:1). Some stained embryos were embedded in paraffin and sectioned at 15 µm.
Construction of a relational database, XEXTDB
XEXTDB (http://xextdb.nibb.ac.jp/8080) was modeled after Nematode Expression Pattern Database (NEXTDB; constructed by Y. Kohara and T. Shin-i, National Institute of Genetics; http://nematode.lab.nig.ac.jp/ ). Partial 5' sequences of ANE clones were registered in XEXTDB as ESTs and were subjected to clustering and BLAST searches using XEXTDB against GenBank database installed from NCBI (National Center for Biotechnology Information), which includes gbinv (invertebrate sequences) and gbvrt (other vertebrate sequences, excluding human, primate, rodent and other mammalian sequences)), PIR and SWISSPROT protein databases installed from DDBJ (DNA Data Bank of Japan) and EBI (European Bioinformatics Institute), respectively. Expression profiles were also registered in XEXTDB with linkage to the corresponding ESTs.
